There is emerging recognition of a novel fuel and redox sensing regulatory program that controls cellular adaptation via nonhistone protein lysine residue acetyl posttranslation modifications. This program functions in tissues with high energy demand and oxidative capacity and is highly enriched in the heart. Deacetylation is regulated by NAD ؉ -dependent activation of the sirtuin family of proteins, whereas acetyltransferase modifications are controlled by less clearly delineated acetyltransferases. Subcellular localization specific protein targets of lysine-acetyl modification have been identified in the nucleus, cytoplasm, and mitochondria. Despite distinct subcellular localizations, these modifications appear, in large part, to modify mitochondrial properties including respiration, energy production, apoptosis, and antioxidant defenses. These mitochondrial regulatory programs are important in cardiovascular biology, although how protein acetyl modifications effects cardiovascular pathophysiology has not been extensively explored. This review will introduce the role of nonhistone protein lysine residue acetyl modifications, discuss their regulation and biochemistry and present the direct and indirect data implicating their involvement in the heart and vasculature. (Circ Res. 2009;105:830-841.)
I n the year of the bicentennial celebration of Darwin's birth, the pursuit of regulatory programs that underpin "adaptations to confer survival" remains an important area of scientific investigation. Adaptation to acute stressors, as opposed to evolutionary "pressures," would require rapidly inducible "stress-sensing systems" that could initiate biological modifications, enabling survival advantage. As mitochondria are central to important cellular functions, including essential pathways for energy production, reactive oxygen species signaling, calcium homeostasis, and apoptosis, it would not be surprising if mitochondrial adaptations were instrumental in this ameliorative reprogramming. The heart has a high density of mitochondria with robust energetic demands and the concept of mitochondrial adaptation in the cardiovascular system to resist biomechanical stressors is well recognized. [1] [2] [3] [4] To date, the most extensively explored sensing program delineated in the heart is controlled by AMP-activated protein kinase (AMPK), and this signaling network is responsive to energy depletion and rising AMP levels. 5 A more recently identified nutrient and redox sensing regulatory program, exemplified by protein lysine residue acetyl modification, is beginning to be investigated as an additional homeostatic control program.
Lysine residue acetylation is a reversible posttranslational modification (PTM) orchestrated by a diverse family of structurally unrelated enzymes collectively known as acetyltransferases. This modification usually involves the covalent transfer of an acetyl group from acetyl-coenzyme A to a -amino group on lysine. The reverse reaction is driven by deacetylase enzymes. These lysine modifications have been most extensively explored in the regulation of histones to fine tune gene transcription, and these regulatory programs are dynamically controlled by histone acetyltransferases (HATs) and histone deacetylases. The role of acetylation/deacetylation in the modification of histones has recently been well described 6 and is not the focus of this review. Initially identified in 1997, the first nonhistone protein to exhibit acetyl-lysine modification was p53. 7 A steady increase in the number of nonhistone lysine acetylation modifications are being discovered and may play a diverse role in diffuse biological processes. 8 Coupled to this, the enzymes controlling these PTMs are not confined to HATs and histone deacetylases but include an expanding array of lysine acetyltransferases and deacetylases.
The modulation of mitochondrial biology and function via lysine acetylation involves proteins residing in the nucleus (mitochondrial regulatory proteins) and cytoplasm (chaperones) and within mitochondria themselves. Together, these PTMs of target proteins contribute toward alterations in numerous mitochondrial functions including the regulation of mitochondrial biogenesis, apoptosis, thermogenesis, metabolism, and possibly in the contribution of mitochondrial function to longevity. 9 Although this field was initially identified and characterized in nonvertebrate eukaryotes, we focus on mammalian biology. In this review, we explore: (1) the enzymes that orchestrate these modifications; (2) identify the substrates of these enzymes; (3) investigate the regulation of lysine acetylation; (4) describe the cardiovascular functional consequences of these regulatory events; and (5) highlight potential areas of importance that need to be investigated to expand our understanding of the role of nonhistone lysine acetylation and deacetylation on mitochondrial biology and cardiovascular homeostasis.
Nonhistone Lysine Acetyltransferases
Acetylation, as a process to regulate the availability of DNA for transcription, has been described for more than 40 years. 10 HATs remove the positive charge of lysines in the histone tail, altering its interaction with DNA and allowing access to other DNA-associated proteins. 11, 12 Since the discovery of nonhistone lysine acetylation, 7 the number of candidate proteins documented has grown steadily, with a recent proteomics study identifying 195 new acetylated proteins in mammalian tissue. 13 Strikingly, in this study, 133 proteins with acetylated lysine residues were concentrated in mito-chondria. 13 These data suggest that Ϸ20% of the mitochondrial proteome may be targeted for acetyl modification. This concept is further supported by the finding that protein acetylation is similarly abundant in prokaryotes. 14 The functional characterization of the role of lysine residue acetylation in the majority of these proteins has yet to be determined.
The nonhistone lysine acetyltransferases can be loosely grouped into 3 main families, although there are several other identified acetyltransferases that fall outside these defined categories. 15, 16 These include the GNAT (Gcn5-related N-acetyltransferase), the MYST, and the p300/CBP families.
The GNAT family contains HAT1, the first identified histone acetyltransferase, 17 along with Gcn5/PCAF and multiple N-acetyltransferase (NAT) proteins. The GNAT family share 3 to 4 motifs involved in acetyl-coenzyme (Co)A binding and catalysis, with nuclear-localized proteins and a bromodomain to facilitate DNA binding. 18, 19 A role of Gcn5 relating to mitochondrial function is inferred by the acetylation and inactivation of peroxisome proliferator-activated receptor ␥ coactivator (PGC)-1 family members, which are known to be master regulators in mitochondrial biogenesis and mediators of mitochondrial metabolism. 20 Gcn5, activated by the steroid receptor coactivator SRC-3, acetylates the PGC1␣ and -␤, which inhibits their regulatory control of mitochondrial content and metabolic functioning. [21] [22] [23] The MYST family, named after the original members MOZ, YBF2, SAS2, and TIP60 (Tat-interactive protein 60), share both a Ϸ2401-aa core acetyl-CoA-binding domain and a C2HC zinc-finger domain. 24 MYST proteins are found throughout the Eukaryota and are predominantly involved in histone acetylation, although some members are also involved in the regulation of transcription factors such as p53. 25 TIP60 is transiently expressed in heart tissues during early embryonic development, suggesting that acetylation is involved in regulating cardiac myocyte differentiation. 26 Finally, there is the p300/CBP (CREB [cAMP response element-binding protein]) family, which are large nuclear proteins that function as transcriptional coregulators and have intrinsic histone acetyltransferase activity. 27, 28 It has subsequently been shown that these large multidomain proteins additionally have nonhistone acetyltransferase activity and are capable of PGC-1␣ acetylation. 29 The presence of p300 is required for the correct formation of several mouse tissues, with a single mutant allele being sufficient to produce major defects in heart structure and coronary vascularization. 30 p300 also acetylates the early embryonic transcription factor GATA-4, which functions in differentiating embryonic stem cells into cardiac myocytes and in the development of cardiac hypertrophy. 31, 32 Collectively, it appears that the lysineacetyltransferases are crucial for several steps in cardiac development and may play a role in mitochondrial biology via this regulation of PGC-1. Interestingly, despite the prevalence of acetylated lysine residues on numerous mitochondrial proteins, to date, mitochondrial enriched lysineacetyltransferases have not been identified and are therefore not discussed further in this review.
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Lysine Deacetylase Enzymes
The mammalian deacetylases are grouped according to phylogenetic analysis and sequence homology. The mammalian class I and II enzymes are nuclear and cytosolic-nuclear localized enzymes, respectively, that predominantly function as histone deacetylases. To date, one histone deacetylase has sequence similarity to both class I and II enzymes and has been designated as a class IV enzyme. Class I, II, and IV enzymes have zinc-dependent deacetylase activity. 33 The sirtuins are designated as class III deacetylases and are NAD ϩ -dependent enzymes. The founding member of these enzymes is yeast Sir2, which silences chromatin via deacetylation of histones. 34 Sir2 enzymes have been shown to mediate lifespan extension in yeast, worms, and flies and are postulated to function, in part, via the modulation of mitochondrial function. 9 Mammals have 7 sirtuin enzymes designated as SIRT1 through SIRT7. These have distinct tissue distributions and subcellular localizations, which together probably contribute to their distinct biological functions. 35 The mammalian sirtuins are further phylogenetically divided into 5 subclasses based on the homology of their 250-aa core domain. 36 The mitochondrial enriched SIRT3 clusters with SIRT1 and SIRT2 in subclass I. These 3 enzymes show closest homology to yeast Sir2 and exhibit the most robust deacetylase activity. The additional mitochondrial enriched sirtuins SIRT4 and SIRT5 are assigned to subclasses II and III and exhibit predominant ADP-ribosyltransferase and deacetylase activity respectively. 37, 38 
NAD ؉ Biochemistry
Because sirtuin activity is dependent on NAD ϩ , it has now been established that sirtuin activation is directly linked to the energetic and redox status of the cell as measured by the ratio of NAD ϩ :NADH, by the absolute levels of NAD ϩ , NADH, and by the NAD ϩ catabolite nicotinamide. 39 -41 Interestingly, nicotinamide itself inhibits sirtuin activity and nicotinamide depletion during NAD biosynthesis inversely activates sirtuins. 42 The NAD biosynthetic pathways are distinct in prokaryotes and invertebrates compared to vertebrates (re-viewed elsewhere 43 ). We only briefly review vertebrate biochemistry here. De novo biosynthesis using tryptophan and nicotinic acid as precursors is the minor pathway for NAD generation. However, this pathway is induced by exercise and following the administration of peroxisome proliferator-activated receptor ␣ agonists. 44, 45 The predominant pathway to generate NAD involves the salvage of NAD using nicotinamide as the precursor. In mammals there are 2 intermediary steps in NAD generation, initiated by the conversion of nicotinamide to nicotinamide mononucleotide via the nicotinamide phosphoribosyltransferase (NAMPT) enzyme. Nicotinamide/nicotinic acid mononucleotide adenylyltransferase (NMNAT) then converts nicotinamide mononucleotide to NAD. These biochemical pathways are most well characterized in the nucleus, and are pivotal for the activity of SIRT1. 46 Moreover, NAMPT has been identified as the rate-controlling step in NAD biosynthesis in that overexpression of NAMPT but not NMNAT increased cellular NAD levels. 46 The investigation into the biology of NAD in the mitochondria has begun to be explored, and the identification of a mitochondrial-enriched NMNAT isoform supports the concept of subcellular compartment specific functioning of NAD biosynthesis. 47 Moreover, mitochondrial NAD ϩ levels can now be measured by mass spectroscopy. 48 Using this novel technique, the metabolic stress of fasting has been shown to increase mitochondrial NAMPT and to concomitantly induce mitochondrial NAD ϩ levels. 48
Sirtuin Biochemistry
Sirtuins are known to deacetylate lysine residues on histone and nonhistone proteins. 49, 50 This deacetylation of target residues, coupled to the cleavage of NAD ϩ , results in the generation of nicotinamide and the metabolite O-acetyl-ADPribose (OAADPr). The deacetylation of lysine residues on nonhistone proteins modulates their cognate target protein function, as evidenced by the activation of PGC-1␣ following its deacetylation by SIRT1. 29, 51 Two potential biological consequences of lysine deacetylation include the unmasking of lysine to facilitate other PTMs, and a putative biological role following the generation of OAADPr.
In terms of PTMs, the lysine residue is highly promiscuous, with the potential to undergo, for example, acetylation, methylation, ubiquitination, or sumoylation on their -amino group (reviewed elsewhere 16 ). This multipotential capacity for individual residue modification, the potential competition between these distinct PTMs at the same site and the emerging data to support crosstalk between multiple protein residue modifications highlights the emerging complexity of intramolecular signaling that may well govern biological processes. 16 The role of lysine acetylation and/or deacetylation in this complex interplay is a challenging concept to be explored. 52 Interestingly, the deacetylation metabolite OAADPr itself may directly facilitate posttranslational modulatory effects following the enzymatic transfer of ADP-ribosyl groups to proteins. 53 Although mono-ADP ribosylation enzymes have been characterized in prokaryotes, and in extracellular compartments in eukaryotes, identification of intracellular en-zymes in eukaryotes has been elusive. 54 Sirtuins may possess the dual functionality, as both enzymatic deacetylases and as mono-ADP ribosyltransferases using OAADPr as substrate for this PTM. To date, the mitochondrial-and nuclearenriched SIRT4 and SIRT6 proteins, respectively, exhibit ADP-ribosyltransferase activities. 37, 55 However, the rate constant of sirtuin ADP-ribosyltransferase activity is 5000-fold lower than classic bacterial enzymatic rates and 500 times weaker than their deacetylase activities. 56 These data question the physiological role of sirtuins in mono-ADP ribosylation; however, the development of tools to investigate this biochemistry and to identify the target proteome 57 should facilitate major advances in our understanding of this component of NAD and sirtuin biology in the near future. A diagram depicting NAD biosynthesis pathways is shown in Figure 1 (top).
Sirtuin Subcellular Localization
The subcellular localization of the sirtuins is probably a pivotal feature in dictating their biological targets. Of the sirtuins known to modulate mitochondrial biology, SIRT1 has been established to predominantly reside and function in the nucleus, SIRT2, in the cytoplasm, SIRT4 in the mitochondria matrix, and SIRT5 in the inner mitochondrial membrane 58 or matrix. 38 These locations are not exclusive and may be dynamic under specific conditions. For example, SIRT1 is exclusively nuclear during cardiac embryogenesis and then displays both nuclear and cytoplasm postnatal localization. 59 Similarly, the subcellular localization of SIRT3 is predominantly in the mitochondrial matrix, 60 -62 although some studies suggest that SIRT3 is exclusively mitochondrial, 63 whereas others show nuclear and cytosolic locations in whole tissue preparations 64 and following overexpression studies. [65] [66] [67] Whether changes in the subcellular localization of SIRT3 are associated with biological stressors, are tissue specific, 62, 64 or result from the genetic manipulation studies is not completely resolved. Nevertheless, the capacity of SIRT3 to alter its subcellular localization with compartment distinct functions is an intriguing concept that warrants further investigation.
Biological Triggers Orchestrating Sirtuin Activity
The biochemical pathways operational in sirtuin regulation suggest that metabolic cues are integral to their activity. Moreover, because the ratio of NAD:NADH is an important regulator of the cellular redox state, oxidative stress signaling may similarly be implicated in the regulation of sirtuin activity. More recently, the AMPK, the prototypic fuel sensing signaling kinase has also been found to modulate sirtuin activity. Caloric restriction promotes cell survival and longevity functions, in part, through increasing NAD ϩ levels. As such, the modulation of sirtuin levels and activity has been investigated in response to this nutrient deficit. SIRT1, SIRT2, and SIRT3 levels and activity are induced in multiple organs in response to caloric restriction. [67] [68] [69] However, the uniformity of this response has been questioned with the demonstration that both the ratio of NAD:NADH and SIRT1 levels are decreased in the liver in response to caloric restriction. 70 Similarly, at least in pancreatic ␤-cells, SIRT4 activity is diminished in response to caloric restriction. 37 Other modifications of nutrient exposure are also implicated in the regulation of sirtuins. In contrast to chronic caloric restriction, fasting acutely increases NAD:NADH ratio in the liver, activating SIRT1. 71 A consequence of fasting induced SIRT1 induction is the deacetylation and activation of PGC-1␣ and PGC-1␤, leading to the activation of mitochondrial metabolism. 22 Conversely, elevated glucose has been shown to downregulate SIRT1 in skeletal muscle and in hepatocytes, 71 whereas insulin, with or without elevated glucose, similarly downregulates SIRT1. 68, 72 Although nutrient-mediated modulation of the mitochondrial enriched sirtuins has not been extensively studied, SIRT3 is downregulated in skeletal muscle in mice with streptozotocin induced severe hyperglycemia 73 and in brown adipose tissue in various murine genetic models of obesity. 67 In human sub- jects, SIRT3 levels have been shown to be diminished in skeletal muscle of sedentary older individuals, whereas endurance training ameliorates this effect. 74 By virtue of the fact that sirtuins are activated by changes in the cellular redox state, as reflected by their induction with higher levels of oxidized NAD ϩ or a change in the ratio of NAD ϩ to its reduced NADH form, imply these enzymes as redox sensitive. To date, all 3 subclass I sirtuins, ie, SIRT1, SIRT2, and SIRT3, have been shown to be induced by oxidative stressors. 64, 69, 75, 76 Interestingly, with respect to cardiac biomechanical stressors, pressure overload, and angiotensin II have been shown to increase SIRT1 and SIRT3 levels in the heart and cardiomyocytes respectively. 64, 75 A more global role of AMPK in modulating the sirtuins has not been established. However, AMPK activates SIRT1 by increasing intracellular NAD ϩ levels 77 and, conversely, SIRT1 deacetylates and activates the AMPK kinase LKB1 (serine-threonine liver kinase B1). 78 These observations suggest integrated biological effects of these 2 major nutrient and redox stress sensors in the cell. How these collectively modulate mitochondrial deacetylases and organelle homeostasis, however, has not been well characterized. A schematic representation of the biochemistry of Sirtuin activation and the biological triggers modulating this program is shown in Figure 1 (bottom).
Modulation of Mitochondrial Function via Nuclear Protein Lysine Acetylation
The control of mitochondrial function is not restricted to regulatory events within the mitochondria itself as exemplified by intergenomic regulation between the nuclear and mitochondrial genomes and because nuclear regulation of the intrinsic mitochondrial apoptotic program. Thus, it stands to reason that acetyl modification of nonhistone lysine residues of nuclear proteins may be operational in the control of mitochondrial integrity and function. The nuclear enriched SIRT1 has been shown to deacetylate numerous transcription factors and transcriptional coactivators that are known to control mitochondrial function. This includes the deacetylation and activation of PGC-1␣. Activation of this transcriptional coactivator is know to upregulate mitochondrial biogenesis and increase mitochondrial metabolism with tissue-specific preference. 20, 79, 80 Furthermore, SIRT1-mediated deacetylation of Foxo (forkhead box O transcription factor) proteins has been linked to the preferential activation of stress resistant targets, 81, 82 including the induction of mitochondrial antioxidant defenses. The deacetylation of p53 inactivates this transcription factor, thereby attenuating its proapoptotic action. Finally, the nuclear encoded TFAM (mitochondrial transcription factor A) has been shown to undergo acetyl PTM; however, the regulatory enzymes controlling this reaction and its functional significance, remains to be shown. 83 In adipose tissue, SIRT3 overexpression has also been shown to upregulate PGC-1␣ and promote mitochondrial uncoupling. 67 However, the veracity of this data has been questioned because of the lack of alteration in thermogenesis in SIRT3 knockout mice exposed to hypothermic stress. 62
Known Mitochondrial Targets of Lysine Acetylation/Deacetylation
The suggestion that mitochondria contain acetyltransferase and deacetylase enzymes was recognized in 1962, with the demonstration that isolated mitochondria could reversibly acetylate carnitine. 84 The biology and multiple enzymes involved in carnitine ester formation has now been firmly established. 85 However, the biochemistry and functional role of mitochondrial protein lysine acetylation is less well characterized and has become a recent focus of study in the context of the identification of mitochondrial enriched lysine-deacetylases. Whether the mitochondrial enriched sirtuins (SIRT3, -4, and -5) function as deacetylases has recently been explored, using genetic deletion of each of these 3 genes to investigate global hepatic mitochondrial protein lysine acetylation. 62 Whereas the SIRT4 and SIRT5 knockouts showed little change relative to the control mice, the SIRT3 knockout show enhanced mitochondrial protein acetylation, suggesting that SIRT3 is a major mitochondrial deacetylase. 62 Despite these posttranslational changes, no obvious basal phenotype is evident in the SIRT3 Ϫ/Ϫ mice. However, using affinity purification and mass spectroscopic analysis multiple SIRT3 interaction proteins have begun to be identified and a majority of these putative interacting proteins reside and function in the mitochondria. 86 The functional characterization of individual target proteins is now being actively investigated. The mitochondrial enzyme acetyl-coenzyme A synthetase (AceCS)2 was the first target of SIRT3 to be identified and partially characterized. 87, 88 AceCS2 is inactivated following acetylation and rapidly reactivated by SIRT3-mediated deacetylation. 87, 88 Interestingly, AceCS2 is abundant in the murine heart and skeletal muscle and has been shown to be induced during ketosis. 89 This implies that AceCS2 is involved in acetate conversion for energy production under ketogenic conditions. The functional characterization of the modulation of AceCS2 by SIRT3 in the heart has yet to be explored. Two additional mitochondrial matrix proteins have been identified as substrates of SIRT3 and in both instances lysine deacetylation results in increased enzyme activity. These include glutamate dehydrogenase (GDH), which facilitates the oxidative deamination of glutamate to ␣-ketoglutarate, and the citric acid cycle enzyme isocitrate dehydrogenase 2. 58, 62 Interestingly GDH is also a substrate for SIRT4 and this interaction results in the ADP ribosylation and inactivation of GDH. 37 The functional significance of the opposing effect of SIRT3 and SIRT4 on GDH activity requires further characterization. The most recent functional characterization of a mitochondrial matrix metabolic target of the sirtuins is the interaction with, deacetylation of and activation of the urea CPS1 (cycle enzyme carbamoyl phosphate synthetase 1) by SIRT5. 38 This enzymes functions to detoxify and dispose of ammonia and in the SIRT5 knockout mouse, fasting results in elevated serum ammonia levels. 38 SIRT3 has also been shown to physically interact with NDUF9A, a subunit of complex I of the electron transfer chain. 90 The interaction of SIRT3 with this inner mitochondrial membrane protein results in its deacetylation and acti-vation and the genetic depletion of SIRT3 accordingly compromises complex I activity and ultimately mitochondrial oxygen consumption and ATP production. 90 SIRT5 has also been shown to associate with an electron transfer chain protein, ie, cytochrome c, although the functional consequences of this interaction has not to date been established. 58 Figure 2 shows a schematic representation of the currently identified nuclear, cytosolic, and mitochondrial proteins that are targets of sirtuin deacetylation and PTM.
Although a role of sirtuins in modulating outer mitochondrial membrane proteins has not been functionally characterized, it has recently been shown that long chain acyl CoA synthetase isolated from the outer membrane also undergoes lysine residue acetylation. 91
Roles of Mitochondrial Protein Lysine Acetylation in the Heart
To date, the investigation of the function of sirtuins in the heart has been limited, especially with respect to mitochondrial enriched sirtuins. However, prior studies linking sirtuins to metabolism, apoptosis, autophagy, and aging suggest that altering sirtuin activity may modulate cardiovascular function and the responses to pathophysiologic stressors. This inference is further supported by the induction of NAMPT in rat cardiomyocytes in response to both hypoxia and serum deprivation. 48 In that study, NAMPT-mediated protection against cell death via mitochondrial NAD ϩ salvage was dependent on the presence of SIRT3 and SIRT4. 48 Cardiac SIRT1 levels are induced by pressure overload, in response to the systemic administration of the oxidative stressor paraquat, with heart failure and during aging. 75, 92 Together, these changes suggest that SIRT1 is modulated in response to cardiac biomechanical stressors. The first study to functionally characterize sirtuin function in the heart used SIRT1 transgenic mice. 75 Low to moderate overexpression attenuates age-associated cardiac fibrosis, apoptosis, hypertrophy, and cardiac dysfunction. Furthermore, modest SIRT1 induction protects against cardiac oxidative stress. The mitochondrial salutary effects associated with this SIRT1 induction include increased Foxo-dependent catalase expression, elevated cellular ATP levels, and increased mitochondrial citrate synthase activity. 75 A gene-dose effect of SIRT1 is evident in that transient overexpression of SIRT1 in cardiomyocytes prevents apoptosis via deacetylation and inactivation of p53, 92 but robust SIRT1 induction in transgenic mice results in increased cardiac apoptosis, fibrosis, and hypertrophy. 75 Anoxia-reoxygenation stress in cardiac derived H9c2 cells results in the induction of the cytoplasm enriched sirtuin, SIRT2. 76 Conversely, we have previously observed (CM McLeod, MN Sack, unpublished data, 2005 ) that cardiac SIRT2 gene expression is diminished by the cardioprotective program induced by delayed ischemic preconditioning. 93 To characterize the stress response to SIRT2 downregulation we used small interfering RNA to genetically deplete SIRT2 in H9c2 myoblasts. 76 SIRT2 depletion upregulates the cytosolic chaperone 14-3-3, which in turn sequesters the proapoptotic mitochondrial protein BAD in the cytosol and augments tolerance against anoxia-reoxygenation-induced cell death. 76 Interestingly, the biology of SIRT2 in cellular homeostasis is not exclusively determined by levels of this deacetylase but also appears to have opposing functions under basal and stress conditions. 69 These divergent phenotypes are illustrated by SIRT2-mediated induction of mitochondrial manganese superoxide dismutase via FOX3a deacetylation with the subsequent attenuation of reactive oxygen species levels at baseline. In contrast, under conditions of increased oxidative stress, SIRT2 promotes cell death in parallel with the induction of the proapoptotic protein Bim. 69 Collectively these studies show that despite its extramitochondrial localization, SIRT2 modulates mitochondrial function via the modulation of mitochondrial proapoptotic proteins and via mitochondrial antioxidant enzyme regulation.
In rat neonatal cardiomyocytes SIRT3 levels are increased in response to H 2 O 2 , the alkylating agent MNNG, serum Figure 2 . Schematic of sirtuin targets that are proposed to be operational in the modulation of mitochondrial function in the cardiovascular system. Note the SIRT5 target carbamoyl phosphate synthetase 1 is not shown in this schematic as the detoxification of ammonia is not thought to be operational in the cardiovascular system. A single-sided arrow indicates a functional interaction; a double-sided arrows represents a protein:protein interaction. starvation, and in response to phenylephrine and angiotensin II. 64 This regulation shows similarity to SIRT1 and suggests stress-responsive functioning. In parallel, SIRT3 overexpression in cardiomyocytes enhanced resilience to genotoxic and oxidative stress. 64 An identified target for this ameliorative function is the deacetylation of Ku70. Ku70 is predominantly localized to the nucleus, although it is evident as a smaller cytoplasmic pool. 94 The cytoplasmic pool is proposed to sequester the proapoptotic Bax protein and prevent its translocation to the mitochondria. 94 During stress, Ku70 is acetylated, which facilitates the release of Bax to promote mitochondrial-mediated apoptosis. 95 Conversely, SIRT3 and SIRT1 both deacetylate Ku70, sequestering Bax in the cytosol and reducing genotoxic cell death. 64 A recent study shows that SIRT3 knockout mice display increased cardiac hypertrophy and interstitial fibrosis with an increased susceptibility to the development of angiotensin II-induced hypertrophy. 96 In parallel, the cardiac restricted transgene overexpression an SIRT3 isoform ameliorates this phenotype. The mechanism of SIRT3 mediated protection here is shown to be via Foxo3a-mediated induction of antioxidant defense enzymes, suggesting, in part, a nuclear regulatory role of SIRT3 in cardiac stress-mediated adaptation. 96 For completeness sake, we note that a cardiac phenotype is also evident in SIRT7 knockout mouse although whether this is associated with modulation in mitochondrial biology or function has not been investigated. 97 SIRT7 resides in the nucleoli and following its genetic depletion mice develop and die from cardiac hypertrophy and an inflammatory cardiomyopathy. 97 The absence of SIRT7 in primary murine cardiomyocytes enhances p53 acetylation, additionally leading to increased apoptosis and increased susceptibility to oxidative and genotoxic stressors. 97
Potential Roles of Mitochondrial Protein Lysine Acetylation in Vascular Biology
Sirtuin function in the vasculature has not been directly explored; however, sirtuin biology is beginning to be investigated in biological programs that in part modulate vascular function, including nitric oxide biology, angiotensin signaling, and hypoxia responsiveness.
NO is a multifunction signaling molecule with diverse vascular functions which include the modulating of blood vessel tone, leukocyte adhesion, platelet activation, and the development of atherosclerosis. 98 Interestingly, NO also regulates mitochondrial biology through the modulation of the mitochondrial biogenesis regulatory program and via the regulation of electron transfer chain flux. 99 -101 The salutary effects of calorie restriction on mitochondrial biogenesis and metabolism has been shown to be dependent on NO, and this molecule is furthermore implicated in the transcriptional induction of SIRT1. 102 SIRT1 itself deacetylates and activates endothelial NO synthase, which, via the generation of NO, promotes endothelial dependent vasodilation. 103 Together these regulatory events align with the known blood pressure lowering effect associated with caloric restriction, 104 although whether mitochondrial biology per se and/or NO are important in these biological effects is yet to be determined. Renin-angiotensin system activation contributes to cardiovascular and renal disease, resulting in significant morbidity and mortality. Deletion of the angiotensin II type 1a receptor (AT 1 R) in mice extends their lifespan in association with blood pressure reduction and decreased cardiac hypertrophy and fibrosis. 105, 106 Interestingly AT 1 R deletion leads to the upregulation of genes encoding for SIRT3 and NAMPT in the kidney. 105 Consistent with this but in contrast to the heart, angiotensin II administration downregulates Sirt3 gene expression in cultured proximal tubule epithelial cells. 105 Because the kidney is central in angiotensin II-induced hypertension, 107 whether the modulation of SIRT3 and by inference mitochondrial biology plays a role in this pathophysiology is unknown. Interestingly and of relevance to the modulation of blood pressure, the overexpression of SIRT1 in vascular smooth muscle cells results in the downregulation of AT 1 R. 108 In parallel, the SIRT1 activator resveratrol represses AT 1 R gene transcription, and this pharmacological compound blunts angiotensin II-induced hypertension in mice. 108 Taken together, these data reveal a complex interaction between SIRT1 and SIRT3 and the renin-angiotensin system system, with apparent target organ specific effects. Although intriguing, the associations between sirtuins and hypertensiontarget-organ biology are observational, and mechanistic studies need to be performed to understand the role of deacetylases and the mitochondria in this disease process.
Hypoxia is a potent trigger for the modulation of vascular tone and to promote angiogenesis. The latter program is orchestrated by the induction of hypoxia inducible factors (HIFs). HIFs are transcription factors that, under hypoxic conditions, regulate the shift in cell metabolism to glycolysis, augment cell survival through induction of antioxidant systems such as Heme-oxygenase-1 and superoxide dismutase (SOD), and initiate the angiogenesis regulatory program. This leads to improved mitochondrial function and cell survival. 109 Hypoxia-induced redox stress stimulates SIRT1 activity, which in turn deacetylates and activates HIF-2␣. 41 In keeping with the role of HIF activation, this SIRT1-mediated deacetylation results in the upregulation of, for example, the mitochondrial antioxidant enzyme SOD2 and the angiogenesis regulatory factor vascular endothelial growth factor. 41 These data suggest that, through its redox-sensing capacity, SIRT1 can modulate vascular biology via the activation of HIF-2␣.
Taken together, these studies suggest that SIRT1 and SIRT3 have modulatory effects on numerous integrated biological programs governing vascular health and adaptation. The study into the mechanisms orchestrating these effects, and the determination of the physiological role of the sirtuin program in vascular pathophysiology appears to be a promising area for future investigation. The Table summa rizes all of the currently identified sirtuin protein targets and their function in the modulation of mitochondrial biology.
Conclusions/Future Directions
In this review, we discuss how the nutrient and redox sensing sirtuins modulate mitochondrial function via predominant nuclear-mediated (SIRT1), cytosolic-mediated (SIRT2), and mitochondrial-mediated (SIRT3) effects. Their roles in car-diac biology have been limited to date, showing that (1) the induction of SIRT1 mediated mitochondrial antioxidant and antiapoptotic effects, (2) antiapoptotic effects of SIRT2 deletion in cardiac derived cell lines, and (3) SIRT3 mediated antiapoptotic effects in response to oxidative and genotoxic stress in primary cardiomyocytes. A direct role of sirtuins in the vasculature has not been established but the augmentation of SIRT1 is associated with (1) the downregulation of angiotensin receptor type 1, (2) lowering of blood pressure, and (3) with the induction of HIF-2␣-mediated angiogenesis signaling and the upregulation of mitochondrial antioxidant enzymes. In addition, in the long-lived ATR1 knockout mice, which have low blood pressure, the genes encoding for SIRT3 and NAMPT are upregulated in the kidney. Collectively, these data suggest a functional role of sirtuin biology in the modulation of cardiovascular pathophysiologic adaptations to stressors. Further and more direct in vivo studies to investigate this biology are warranted.
The recognition that a large number of proteins that reside in the mitochondria undergo lysine acetylation PTMs, 13 and that their target proteins include numerous proteins controlling fatty acid oxidation, the tricarboxylic acid cycle, and the electron transfer chain question whether these PTMs play an important role in cardiac substrate preference and utilization. Substrate preference and utilization and the efficient integration between metabolic pathways, for example, coordination between the tricarboxylic acid cycle with the electron transfer chain, 110 and the modulation of anaplerosis 111 have begun to be recognized as important modulators of cardiac ischemia tolerance, 112, 113 cardiac hypertrophy, and the transition to heart failure. 114, 115 Whether lysine-acetyl PTMs are important and operational in the modulation and integration of these metabolic fluxes are important questions that have not been addressed.
An additional area of research that has yet to be functionally characterized, but may be important, is the role of sirtuin biology in type 2 diabetes mellitus and obesity-associated cardiovascular perturbations. Diabetes and obesity both associate with nutrient excess, mitochondrial dysfunction, and a predisposition to cardiovascular pathology. 116, 117 Gene expression analysis shows that SIRT3 levels are diminished with obesity and hyperglycemia. Moreover, our understanding of how nutrient excess modulates biological function was recently enhanced with the recognition that elevated glucose could promote acetyl modification of proteins. 118 Here, increasing concentrations of glucose promote histone acetylation through ATP citrate lyase-mediated conversion of citrate to the acetylation precursor acetyl CoA. 118 Whether excess nutrients modulates nonhistone protein lysine acetylation via increasing acetyl CoA in distinct subcellular distributions remains to be determined 119 and specifically to be evaluated in the cardiovascular system. Figure 3 shows a schematic representation of the identified pathways modified by sirtuin biology in the cardiovascular system and highlights areas of interest that have yet to be explored.
The pharmacological manipulation of the sirtuins as a potential therapeutic strategy is being investigated. The first compound explored was the plant-derived polyphenol resveratrol (3,5,4Ј-trihydroxystilbene), which has been shown to upregulate both SIRT1 and AMPK. 120 -122 and to induce mitochondrial biogenesis. 122 Consistent with its known pleiotropic effects, resveratrol administration confers protection against cardiac ischemia/reperfusion injury. 120, 123 Recently SIRT1-specific small molecule activators have been identified and are shown to promote fatty acid oxidation and mitochondrial function. 124 Whether these specific SIRT1 activators can directly ameliorate cardiac stress tolerance and whether these effects include the modulation in mitochondrial function need to be investigated. No specific pharmacological modulators of SIRT3 have been described; however, numerous SIRT2 inhibitors have been identified. [125] [126] [127] One of these inhibitors has been shown to prevent the development of Parkinson's-like disease in neuronal cells, 126 and it would be intriguing to investigate this compound in the context of cardiac redox stress.
Although, we have discussed the actions of sirtuins slanted toward the modulation of mitochondrial function, this family of proteins has a myriad of additional functions including for example roles in gene transcription, 128 autophagy, 129 and the circadian rhythm. 130 Hence, although our understanding of this important nonhistone lysine residue PTM should develop with ongoing investigations, we must be cognizant of the fact that the complexity and hierarchy of this biology is putatively more complex than the mitochondrial-centric focus elaborated on in this review.
In conclusion, fuel and redox sensing are important cellular commodities required to adapt to biomechanical and metabolic stressors. The PTM of nonhistone lysine residues by acetylation/deacetylation appears to contribute to these sensing programs in the orchestration of important nuclear, cytosolic, and mitochondrial responses to augment tolerance to injury. The investigation into this field is in its early stages, and, although many gaps exist in our knowledge, initial studies suggest that the modulation of this regulatory program may be important in controlling cardiovascular stress adaptation. Additionally, the emerging data supporting integration between sirtuin and AMPK adaptive programs may shed insight into the complexity of intracellular metabolic sensing and responses to nutrient and redox stress. Overall, these findings advance the observations of Charles Darwin from more than 150 years ago, observations that were initially directed at whole organism adaptations over the long term, to the modern interrogation of subcellular adaptive reprogramming to acute-stressors. The recent identification and ongoing characterization of this acetylation-dependent stress-adaptive programming should further enlighten us to the myriad of innate programs exploited by nature to advance survival whether acutely and/or for the propagation and survival of species.
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Figure 3.
Potential role of sirtuin-mediated modulation of mitochondrial biology in the cardiovascular system. The direct and indirect effects of mitochondrial function that have been characterized are shown under the heart and vascular pathways columns. The potential effects of mitochondrial metabolic protein modifications are shown in the column to the right. How these may effect fuel substrate use and selection and the adaptations to direct cardiac stressors and to metabolic stresses on the heart and vasculature have yet to be ascertained. The speculative functions of acetyl-lysine PTMs is highlighted by their gray background.
